1. Introduction {#sec1}
===============

The 21st century has witnessed exponential growth in science and technology; however, sadly and ironically, it has succumbed to devastating coronavirus infections: severe acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), and now coronavirus disease 2019 (COVID-19) \[[@bib1],[@bib2]\]. As of July 7, 2020, a total of 11,500,302 COVID-19 cases had been reported across the world, together with 535,759 deaths \[[@bib3]\]. The SARS and MERS coronaviruses were transmitted indirectly from bats to humans through civets and camels, respectively, as intermediate hosts \[[@bib1]\], but the one responsible for COVID-19, has yet to be identified \[[@bib4]\]. One of the main reasons that outbreaks such as these occur is the ability of viruses to evolve rapidly and change their animal hosts; this was seen with *Spanish influenza*, the single-largest pandemic of the last century, which was probably caused by a virus that was transmitted from ducks to domestic pigs and then to humans, in the densely populated region of southern China \[[@bib5]\]. The virus was eventually transmitted to the USA and Europe after World War I. Recombination among viruses as they change their hosts is a natural process. There is, therefore, always a strong probability of new epidemics emerging from novel types of viruses, especially in densely inhabited regions ([Fig. 1](#fig1){ref-type="fig"} ). The emergence of a coronavirus epidemic in the southern provinces of China has been predicted for some time, given the presence of multiple bat species that are infected with many different coronaviruses, in these highly populated areas \[[@bib6]\].Fig. 1A timeline of the major viral infections over the past 100 years, showing the geographical location of the first reported case and the interspecies transmission.Fig. 1

Coronaviruses and influenza viruses tend to be diagnosed through the detection of their specific genomes, in particular their ribonucleic acid (RNA) sequences. Rapid and precise screening of the public is essential to identify and quarantine infected people, thereby limiting or potentially eliminating the spread of the virus. The viral load of coronaviruses is high, making it easily detectable in symptomatic patients. Unfortunately, there is also a high percentage of asymptomatic individuals, making an accurate disease diagnosis of the population a challenging job unless the entire population is tested \[[@bib7]\]. A low level of limit-of-detection (LOD) is crucial to shift the diagnostic window of opportunity toward the start of the infection process, to detect newly infected individuals. The test can be based on immunoassays, using antibodies to detect a specific antigen produced by the body\'s immune system or polymerase chain reactions (PCR) to detect a viral genome sequence. The PCR method is capable of multiplying the DNA with specific sequences in a short time, greatly enhancing the capability of infectious disease diagnostics. Since its invention in 1986, variants of PCR, such as the standard PCR (end-point PCR), the quantitative PCR (qPCR), and the digital PCR have been developed and subsequently applied in the field of molecular diagnostics. For coronaviruses, as with other RNA viruses, a reverse transcription step precedes the PCR (RT-PCR) and transcribes the viral RNA into complementary deoxyribonucleic acid (cDNA). The PCR test becomes the method of choice due to its sensitivity, as well as its specificity, and it is, in principle, capable of detecting a single copy of the virus, resulting in a shortening of the diagnostic window in comparison with immunoassays.

Technically, once a disease emerges, researchers identify the infectious agent by sequencing its genome, after which the newly obtained sequence is compared against sequences in the databases to evaluate its similarity to other known viruses. Determination of a sequence that is truly unique to the newly characterized virus represents a crucial step in the development of an effective diagnostic procedure. Furthermore, such a sequence should be selected from a region of the viral genome that is not variable between its different isolates and is not expected to evolve and mutate quickly. When a suitable sequence is determined, the design and synthesis of the relevant PCR primers can be performed routinely. In the case of RNA viruses, the reverse transcription that converts viral RNA to cDNA represents a crucial step, allowing the subsequent application of all methodologies based on PCR ([Fig. 2](#fig2){ref-type="fig"} ).Fig. 2A conceptual demonstration of the detection of viruses in the field, based on real-time RT-PCR at POC. The process starts with a nasal swab to obtain a sample that might contain the virus. The sample is purified using paramagnetic beads and viruses are captured, followed by virus lysis to release the RNA, and purification Then, the RNA is reverse transcribed to cDNA; the number of cDNA molecules is multiplied by the PCR, and the results are displayed and possibly transferred to a centralized laboratory via a mobile device \[[@bib19]\].Fig. 2

The raw sample and the reagents used in the sample preparation often contain a significant level of PCR-inhibiting factors; thus, proper sample preparation---whether manual or automated---is an essential step for successful detection \[[@bib8]\]. The success of virus detection in real-world biological samples is highly dependent on the volume of the analyzed sample. During the initial phases of infection, the viral loads in patients may be near or below the test LOD \[[@bib9]\]. The analysis of larger volumes of biological fluids with a low viral load is likely to reduce the risk of false-negative results, but microfluidic point-of-care (POC) devices are typically unable to handle mL-scale volumes in a short time due to the requirement of slow flow rates. Multiple approaches have been developed to address this problem. Flow-through capture membranes \[[@bib10]\] have been used to capture nucleic acids in a short period of time, allowing the direct amplification of the captured material without any elution step, detecting as few as ≈10 copies of DNA with flow rates as high as ≈1 mL min^−1^. Magnetic beads \[[@bib11],[@bib12]\] were used to isolate the RNA of avian influenza H5N1 and SARS from a ≈40 μL sample of blood; this is an insufficient volume on which to perform reliable coronavirus diagnostics. Carbon nanotubes \[[@bib13]\] or aptamers \[[@bib14]\] have been used to capture RNA from influenza A and H5N1 from avian flu viruses, respectively, and to promote their enrichment in samples. Here, we look back and identify those technologies that appeared since the emergence of SARS in late 2002. It is our aim to put landmark developments under the spotlight, critically evaluate them, and raise questions to identify the gaps that are currently hindering a commercial POC-PCR test. There have also been other recent outbreaks of infectious diseases that have threatened global human health, such as Ebola virus disease in the Democratic Republic of the Congo in 2018, measles in Burundi, and yellow fever. Additionally, the lower respiratory infections, tuberculosis, and human immunodeficiency virus (HIV) disease were listed among the top ten global causes of death in 2016 \[[@bib15]\]. The PCR test on samples prepared from blood and urine specimens is capable of detecting the virus in the early stages of the disease, resulting in early diagnosis and subsequent isolation of infected patients to block transmission. For a comprehensive snapshot of the field, we refer the reader to in-depth reviews on the topic that have appeared in recent years \[[@bib16], [@bib17], [@bib18]\].

2. PCR and its technology {#sec2}
=========================

2.1. The principles and brief history of PCR {#sec2.1}
--------------------------------------------

Single-step RT-PCR is a technique derived from the original PCR \[[@bib20]\] to perform a reverse transcription followed by the PCR temperature cycling. It requires a mixture of reverse transcriptase, DNA polymerase, short oligonucleotides complementary to the target cDNA, called primers, free nucleotides, and bivalent salts, such as MgCl~2~. The RT-PCR starts with reverse transcription, typically conducted at ≈60°C, followed by a hot start performed at ≈93°C, destroying the reverse transcriptase and activating the polymerase. Typically, there are 35--45 cycles consisting of a double stranded DNA (dsDNA) denaturation at 93°C, primer annealing at a temperature ranging between 55°C and 65°C, and extension at 72°C to finish the dsDNA. The three temperature protocols can be simplified by a two-step temperature protocol, whereby the annealing and elongation are conducted at the same temperature \[[@bib21]\]. The classical endpoint detection system, which required an external PCR product detection by hybridization or electrophoresis, was modified by adding a fluorescent agent \[[@bib22],[@bib23]\], either intercalating dye or a fluorescent probe that converts the endpoint PCR into a real-time PCR, also known as a qPCR.

PCR-based systems are, in principle, capable of detecting a single copy of RNA or DNA, with the assumption that the single DNA/RNA copy is presented in the sample and not lost during the sample preparation. The PCR/RT-PCR is a far superior technique in comparison with antibody-based assays due to the much smaller diagnostic window, i.e., it stops providing false-negative results earlier than the antibody-based assays. An alternative to PCR is a ligase chain reaction with short templates, whereby the products are only one base pair longer than the combined length of both the primers \[[@bib24]\].

2.2. Other techniques based on the amplification of nucleic acids {#sec2.2}
-----------------------------------------------------------------

A group of new techniques, called isothermal amplification of nucleic acids, has been introduced with loop-mediated isothermal amplification (LAMP) \[[@bib21]\] and nucleic acid sequence-based amplification (NASBA) \[[@bib25]\] as its main representative, with an important aim of bypassing PCR-related patents. Papers that have described these techniques start with the claim that LAMP is far superior to PCR because complicated temperature cycling is not required for isothermal amplification. However, temperature cycling is a very simple engineering method that helps to improve the PCR specificity. Proportional-integral-derivative controllers that include temperature sensors and solid-state relays are cheap and readily available. In addition to that, LAMP still needs a closed-feedback loop system heater to maintain the system\'s temperature in a range of 50°C--60°C. Both real-time PCR and real-time LAMP require a fluorescence detection system, and due to the rather weak fluorescent output signal the fluorescent signal related electronic processing circuits is far more demanding than those for temperature control. Although there is no requirement for temperature cycling, LAMP is a complicated process. Given that nothing comes for free, a simple LAMP requires six primers, but a PCR needs only two; thus, it does not seem to be correct to assume the simplicity of LAMP. Nevertheless, the LAMP system has its merits, which include the fact that thermal cycling is not required, resulting in better thermal isolation and, therefore, less power consumption compared with PCR. Also, LAMP can be designed to simplify the readout by colorimetry or nephelometry, instead of conventional fluorescence detection. \[[@bib26]\] There are other isothermal nucleic acid amplification techniques using different principles and temperatures, such as strand displacement amplification \[[@bib27]\], rolling circle amplification \[[@bib28]\], nicking enzyme amplification reaction \[[@bib29]\], recombinase polymerase amplification \[[@bib30]\], and catalytic hairpin amplification \[[@bib31]\].

2.3. Microfluidics and PCR miniaturization {#sec2.3}
------------------------------------------

Following in the footsteps of microelectromechanical systems (MEMS), the field of microfluidics---or lab-on-a-chip---emerged in the early 1990s, with the grand vision of producing a micro-total-analysis system (μTAS) \[[@bib32]\]. Two analytical techniques pioneered the field: capillary electrophoresis (CE) \[[@bib33]\] and PCR \[[@bib34]\]. The first demonstrations of both techniques independently on the microchip format led to the PCR-CE integration \[[@bib35]\] later on by implementation of a real-time PCR to a portable unit for a POC-PCR \[[@bib36]\]. Since then, important innovations have taken place in terms of materials \[[@bib37]\], as well as the method of implementation \[[@bib38]\], extending the boundaries of this field. However, nearly three decades on, these efforts have yet to bear fruit in daily life outside the laboratory. One cannot help but wonder: why has the development and deployment of practical POC-PCR testing taken so much time? This is a pressing question, especially at a dire time like the present, when the world is battling another once-in-a-century pandemic, COVID-19 \[[@bib39]\]. This is the *raison d'être* of μTAS. This background should not be taken as a criticism of the slow development because the task of making portable systems for viral diagnostics with minimal false-positive and -negative results is complex, and great progress has indeed been made in recent years.

PCR runs on a platform which cycles the temperature of the reaction between two or three set points for over 30 to 40 cycles. The reaction time is often limited by heating and cooling rate within each cycle determined by power dissipation (*P*) and system thermal time constant (τ). It is reduced with a reduced thermal mass (inclusive of the sample and the chamber) and with decreased isolation of this thermal mass from surrounding. Both features can be fulfilled by miniaturization, through MEMS technology and microfluidics, which has lowered the reaction time from \>30 min to several min in the past decade \[[@bib40]\] or even less \[[@bib41]\] as:$$\Delta t = \frac{C}{P} \cdot \Delta T$$where $\Delta t$ is the time taken by the system to change the temperature from one PCR step to another ($\Delta T$), and *C* is its thermal capacitance. The total reaction time depends on a series of parameters, such as the chip size, the PCR master mix volume determining the value of *C*, the thermal conductivity of the substrate (*G*), and the temperature cycling rate. Here, the miniaturization of the PCR results in a smaller value of *C*, which proportionally lowers the Δ*t*. Recently, an extremely fast PCR with a 0.4 s·cycle^−1^ has been demonstrated and resulted in an incredible total reaction time of less than 15 s \[[@bib41]\]. This fast PCR could be combined with a fast melting curve analysis to achieve a total detection time of less than 1 min \[[@bib42]\].

The PCR can also utilize passive cooling, with a cooling rate determined by its τ value:$$\tau = \frac{C}{G}$$

Increasing the value of *G* leads, ultimately, to a faster system, unfortunately, the cooling-rate increase comes with a cost, making the system power demanding as:$$P = G\Delta T$$and power demanding systems are not suitable for battery-operated POC devices. Nevertheless, the system heating/cooling rate can still be increased without compromising the power increase by minimizing the sample volume. Isothermal amplification systems benefit from the absence of a cooling requirement, making the τ value irrelevant. Then, there is an option to thermally isolate the heated part with a G value as low as possible to consume very little energy---a valuable feature of portable, battery-operated systems.

3. Temperature control (contact and non-contact heating) {#sec3}
========================================================

POC-PCR requires fast thermal cycling and precise temperature control. There are demanding requirements for the design of temperature modules for miniaturized PCR devices.

Heating methods determine the temperature ramping rate and are currently divided into contact and non-contact heating. The contact heating method utilizes embedded/external heat sources, such as deposited thin films or external Peltier elements \[[@bib43]\]; this method increases thermal mass, inevitably hindering fast thermal transitions during reactions. The non-contact heating method was developed using hot air \[[@bib44]\] or infrared radiation as a heat source and directly heats the sample in small volumes \[[@bib45]\]. These contact and non-contact heating methods employed for microchips depend on the material of the substrate, the reaction volume, and the structure of the chip.

Thermal isolation must also be considered in a miniaturized PCR system because thermal cross-talk deteriorates the chip\'s performance, especially in multifunctional reaction chambers on a single chip \[[@bib46]\]. Furthermore, poor thermal isolation results in heat loss from the temperature zones to the surroundings, while the suspended PCR chamber enables good thermal isolation. A hollow reaction chamber has been made out of micromachined silicon (Si) that is integrated with both the heater and the sensor and is connected by a narrow beam to the substrate to achieve thermal isolation \[[@bib47]\]. In addition, isolated layers with high thermal resistance have been applied to provide excellent thermal isolation \[[@bib48]\]; however, they result in more complex fabrication and additional stress in different layers. Materials with low thermal conductivity, such as glass or plastics, could provide excellent thermal isolation for PCR chips, thereby avoiding the temperature cycling of the entire device \[[@bib49]\].

4. Materials {#sec4}
============

The implementation of microfluidics has led to the development of miniaturized PCR systems that offer portability and save time, thereby facilitating applications in the realm of POC diagnostics. Researchers have developed a family of miniaturized devices based on different types of PCR. Materials such as Si \[[@bib50]\], glass \[[@bib51]\], polydimethylsiloxane (PDMS) \[[@bib52]\], polycarbonate \[[@bib53]\], and polymethylmethacrylate (PMMA) \[[@bib54]\], used for fabricating microfluidic chips, are also available for the substrate of PCR chips. Each material has a number of merits and demerits, based on its individual properties.

Glass is used to make PCR chips due to its transparency and low auto-fluorescence. A multifunctional platform suitable for the on-chip detection of biomolecules consists of different thin films integrated on a single glass substrate that can also be optically and thermally coupled with another glass \[[@bib51]\]. However, the low thermal conductivity of glass leads to an uneven temperature distribution and slow heating/cooling rates.

PDMS is currently one of the most widely used polymers for microfluidic devices due to its biocompatibility, low cost, and simple processing \[[@bib55]\]. A disposable PDMS--glass bonding chamber has been utilized to perform PCR with an intercalating reusable electrode part for thermal cycling \[[@bib52]\]. However, the evaporation of the PCR solution, located in the PDMS chamber, at a denaturation step may lead to cross-talk because PDMS is porous. PMMA is another popular candidate \[[@bib56]\]. Inexpensive and versatile PMMA PCR chips can be fabricated by laser ablation technology, followed by bonding methods such as low-temperature bonding that uses optically clear adhesive film and liquid optically clear adhesive \[[@bib54]\]. Additionally, the nonspecific adsorption between PMMA and DNA is minimal.

5. Surface treatment {#sec5}
====================

The surface properties of microfluidic channels/chambers must be considered because the interaction between biomolecules in the PCR solution and the channels/chambers affects PCR efficiency. A high surface-to-volume ratio of microchannels/chambers leads to the non-specific adsorption of the enzymes, limiting or even prohibiting the reaction \[[@bib57]\]. Two methods have been employed to solve this problem. One involves the use of silanization to modify the surface permanently. Silanization is accomplished by filling the channel with a silanizing agent and heating the filled chip for a period of time, then removing the agent and washing the chip. Alternatively, solutions such as bovine serum albumin (BSA) \[[@bib58]\], polyvinylpyrrolidone \[[@bib59]\], glycerol \[[@bib60]\], polyethylene glycol 8000 \[[@bib59]\], and Tween 20 \[[@bib61]\] are commonly added into the PCR solution to reduce the non-specific adsorption, thereby improving the PCR efficiency.

Chips made of Si and glass can be cleaned using solutions such as piranha (H~2~SO~4~/H~2~O~2~), since the solution performs the mineralization of organic materials, and no RNA/DNA can be left behind. Nevertheless, general practitioners prefer disposable systems because they are safer in terms of cross-contamination. In the future, PCR chips could well be able to be cleaned and reused, once the cleaning process has shown its consistency.

6. Types of PCR {#sec6}
===============

6.1. Time domain {#sec6.1}
----------------

The first conventional thermal cycler, called Mr. Cycle, was a time-domain system, as are most current PCR devices. Samples are placed at fixed locations on a heater whose temperature is modulated according to the required PCR protocol. The heaters can be based on dissipating Joule heat with active heating and passive cooling, or by utilizing thermoelectric coolers with active heating, as well as cooling.

The PCR master mix is dispensed into a stationary location, such as droplets or microwells, and microheaters are then used to conduct the thermal cycling beneath the droplets or wells. There are several techniques that can be employed to split samples to form droplets. A few μL of PCR master mix is pipetted onto a hydrophobic/oleophobic glass coverslip and covered by mineral oil, forming a virtual reaction chamber (VRC) \[[@bib47]\].

Alternatively, the droplets, including cells separated by mineral oil, form an emulsion and are loaded into the microfluidic channel and are then transferred to different positions within the chip, after which they are subjected to a series of procedures such as cell lysis, DNA extraction, and purification \[[@bib62]\]. Then, the thermal cycling is conducted by heating this emulsion or VRC, and cameras capture the subsequent fluorescence.

A variety of chip structures are fabricated by micromachining with different wells or microfluidic channels in materials such as Si, glass, and polymers, typically PDMS or PMMA. Samples are loaded into either wells or channels for subsequent DNA amplification by PCR \[[@bib63]\].

6.2. Space domain {#sec6.2}
-----------------

The PCR master mix is pumped into a channel or chamber in the chip, typically with two/three zones maintained at constant temperatures \[[@bib34]\]. The reaction is performed when the solution is passing through these temperature areas by denaturation, annealing, and extension. This is an old technique that was used in the early days of PCR systems, with three baths with different temperatures and a laboratory technician or robot to move a basket with samples from bath to bath. Currently, this technique is still utilized in miniaturized systems, such as flow-through and rotational types. The flow-through method is a typical space-domain PCR method. The solution is pumped into a microfluidic channel made of polymers with different temperature regions, and a number of microheaters are applied to provide different temperature zones for denaturation, annealing, and elongation when performing the PCR. These zones maintain constant temperatures, and only the temperature of the samples is changed while it is moved through the zones with different temperatures \[[@bib49]\].

6.3. Integration with sample preparation {#sec6.3}
----------------------------------------

The nucleic acids to be detected are first isolated from the bacteria or viruses using technologies such as lysis, pre-concentration, and purification. These procedures can be fulfilled on-chip or off-chip using bench-top instruments.

A number of fully integrated systems have so far been developed, starting with the non-portable GeneXpert from Cepheid, which was first utilized for anthrax detection by the United States Postal Service \[[@bib64]\], and then with different primers to perform HIV and tuberculosis diagnostics in South Africa \[[@bib65]\]. Despite being non-portable, it is a true sample-to-answer system that uses injection-molded plastic preloaded cartridges with lyophilized compounds, including a PCR master mix, as well as infectious agent-specific primers. Their prohibitive capital cost has unfortunately restricted the spread of these systems, given that those employed in South Africa were heavily subsidized.

We demonstrated the first monolithic Si-based chip integrating a micromixer for diluting blood sample, a microfilter for isolating and chemical lysing of leukocytes, a binder for capturing and purifying nucleic acids, and microvalves for fluidic control \[[@bib66],[@bib67]\]. The captured DNA was amplified in a PCR chip followed by the product detection using Si nanowires \[[@bib68]\].

A large sample volume to be processed needed to be stored in a plastic cartridge next to the Si chip, and the Si chip experienced processing problems due to its small channel cross section. The first step is to filter out red blood cells, while effectively capturing white blood cells for subsequent lysis. The DNA-capturing system was based on a SiO~2~ surface inside the chip, was orders of magnitude smaller than the one based on microfiber membranes or silica beads. Finally, the use of Si nanowires as DNA sensors offers somewhat questionable repeatability. The replacement of a conventional PCR with a qPCR would make life easier because there would be no sample manipulation after PCR, and qPCR is well established technique. Nevertheless, the system had limited portability.

6.4. Integration with detection methods {#sec6.4}
---------------------------------------

Standard PCR (end-point) typically utilizes electrophoresis of either a gel or capillary type to detect PCR products after thermal cycling. A PCR master mix is pumped into a microchannel fabricated in a microfluidic chip, and PCR is performed using microheaters. After the reaction, the solution is taken out, and gel electrophoresis (GE) is conducted to check the presence and specificity of the amplicons \[[@bib69]\]. Alternatively, the solution is transferred to a CE column on a chip with electrodes on both sides, and the products are detected by CE \[[@bib70]\].

Detection by GE/CE made the chip or system design complicated, hindering the system miniaturization for POC diagnostics. Inspired by commercial real-time PCR instruments, optical detection modules, such as optical fibers \[[@bib71]\] and lock-in amplifiers \[[@bib72]\], were then integrated into miniaturized qPCR systems while intercalating dyes such as SYBR Green or probe were added into the PCR master mix, and the reaction was monitored in real time. Furthermore, additional types of qPCR systems combined with other technologies have been developed to improve performance. A pico-liter droplet array generated by double-inkjet printing was demonstrated to be capable of performing parallel qPCR with an enhanced throughput \[[@bib73]\]. A complementary metal oxide semiconductor was integrated with the PCR chip used for multiplexing detection, which enhanced detection sensitivity \[[@bib74]\]. Electrowetting on dielectric technology is well adapted for single-cell isolation, mRNA purification, and subsequent multiplex qPCR at the single-cell level \[[@bib75]\].

7. The vision and the reality {#sec7}
=============================

The miniaturized PCR was first envisioned in the early 1990s, and since then numerous PCR microchips have emerged. Most of these PCR microchips have required off-chip sample preparation and even off-chip detection. These undesired features hinder complete freedom from laboratory settings and give rise to the tongue-in-cheek expression for these devices: chip-in-a-lab \[[@bib76]\]. The sample preparation, which involves the extraction and purification of nucleic acids from bodily fluids, plays a determining role in the accuracy of the test, which heavily depends on the effective removal of PCR inhibitors such as hemoglobin. However, the diversity and complexity of bodily fluid samples, together with the sample volume requirement, make it difficult to combine sample preparation with PCR on a microchip or in a cartridge. Few studies have undertaken the challenge of demonstrating a fully integrated PCR system, where sample preparation, amplification, and detection occur in one platform. In this section, we describe these integrated solutions and the issues preventing their POC use.

The first of these was arguably a unit reported ≈15 years ago based on the eSensor microarray chip ([Fig. 3](#fig3){ref-type="fig"} A) \[[@bib77]\]. The eSensor was a printed circuit board featuring a thin-film metal electrode array (4 × 4 array), with DNA capture probes to hybridize the PCR products for multiplexed electrochemical detection. The overall unit was a fully integrated system made up of pumps, valves, and fluidic micromixers, all made free from any fabricated moving parts and based on thermopneumatic expansion and electrolysis for pumping, cavitation microstreaming for mixing, and phase transition for fluidic valving. Eliminating such parts simplified not only the design but also the fabrication, thus lowering the overall cost. The cost was further reduced by patterning the electrodes through the standard printed circuit board (PCB) process and forming the polycarbonate channels and chambers through computerized numerical control-machining. Cavitation mixing was induced by a pair of piezoelectric disks mounted on the sample chamber and the microarray detection chamber, while electrolytic pumping was activated by platinum wires inserted into the pumping chambers. A magnet was mounted on the PCR chamber to trap and enrich the immunomagnetic capture beads that carried target pathogens or cells from the sample chamber for subsequent thermal lysis and asymmetric PCR. The unit was shown to work for pathogenic bacteria detection from whole rabbit blood by spiking it with *Escherichia coli*, after which a single nucleotide polymorphism analysis was performed. Despite the device\'s simple fabrication process, it entailed post-fabrication steps, such as introducing phase-changing material wax into the valves and conditioning the channel\'s surface. Despite the claim that it is completely self-contained in terms of reagents and waste storage, the reagents were loaded at the time of sample introduction, which added to the in-use handling. Other technical issues included the low efficiency of the PCR due to the immunomagnetic beads (≈50%) and their low cell-capture efficiency of ≈40%, as well as the low sensitivity of electrochemical detection. Furthermore, the overall assay time was relatively long as sample preparation, amplification, and detection took ≈1 h each.Fig. 3The cores of the fully integrated PCR systems. (A) (left) Schematic of the plastic fluidic cartridge using three electrochemical and one thermopneumatic pump; (right) Photograph of the fabricated unit, consisting of a plastic fluidic cartridge, the PCB, and the eSensor microarray chip \[[@bib82]\]. (B) (up) Drawing of the all-in-one cartridge. (down) The top and bottom views of the all-in-one cartridge \[[@bib83]\]. (C) (left) Photograph of the LabDisk. (right) Schematic of the LabDisk \[[@bib84]\]. (D) (top left) Schematic of the cartridge; (top right) Principle of the platform; (down) Schematic of the particle transfer \[[@bib85]\]. (E) (up) Schematic of the microdevice; (bottom left) View of the PCR chamber; (bottom right) View of the gel-based capture part \[[@bib86]\].Fig. 3

A biochip featuring an integrated PCR with solid-phase extraction (SPE) and CE detection has been proposed and tested \[[@bib78]\]. *Bacillus anthraces* (anthrax) and *Bordetella pertussis* have been detected within ≈30 min. While this is impressive, the biochip was not a self-contained unit with reagents and waste storage. Reagents had to be externally supplied during each test and the sample had to be lysed off-chip. Both these steps have to be integrated when providing a biochip or a cartridge for a portable diagnostic system. The possible inhibition of PCR by reagent traces of SPE was avoided through the integration of membrane valves that decoupled the two process sites. The valves, however, involved multiple structural layers, adding further complexity to the fabrication. Moreover, the valve activation required compressed air from an external line, which increased the hardware requirement, in addition to the infrared mediated thermal cycling, high-voltage product separation, and laser-induced fluorescence detection. The SPE site had to be packed with silica beads, which added to the post-fabrication handling. Despite all these technical issues, however, the study demonstrates the feasibility of a highly rapid sample-in answer-out capability.

A portable and affordable real-time PCR system has been developed. The core of the system is a micro-machined Si chip integrated with a thin-film metal heater and a resistive temperature detector type of sensor \[[@bib47]\]. The basic philosophy the researchers had in mind was to develop a cheap system with disposable parts in contact with the sample to avoid sample-to-sample cross-contamination, and, therefore, the MEMS chip was separated from the sample by a disposable microscope coverslip. The sample was placed together with a volume of a few μL, covered with mineral oil to prevent evaporation, forming a VRC. The first device was rather slow with sample and mineral oil volumes of 5 μL and 10 μL, respectively. The temperature was controlled externally via a personal computer, and the fluorescence was captured by an external microscope. Separate to the PCR system, the same group also developed a miniaturized fluorescent system with the vision of integrating it later on with the PCR system \[[@bib79]\]. Then, the MEMS system was redesigned, and the sample volume was lowered to increase the speed to perform 40 PCR cycles in less than 6 min \[[@bib40]\], after which everything was integrated into a single system, demonstrating real-time RT-PCR detection in a sample containing the RNA of the H5N1 avian flu virus in a single VRC---which is clearly insufficient for actual testing \[[@bib80]\]. The system was evolved into a world-smallest real-time PCR capable of detecting four samples at a time and demonstrated the ability to perform real-time PCR of cDNA from the H7N9 avian influenza virus \[[@bib81]\], RT-PCR from the Ebola virus RNA \[[@bib72]\], and finally, it was integrated with a Bluetooth communication system that detected cDNA from the dengue fever virus \[[@bib19]\]. The system was even combined with the sample preparation step to detect RNA from the H5N1 avian flu \[[@bib11]\] or SARS \[[@bib12]\], although they were far from perfect and required further improvement. Furthermore, the VRC looked like an open system, but the system should be converted into a closed system to increase user comfort and avoid the possibility of accidental contamination.

A sample-to-answer system that runs an automated sample preparation and real-time RT-PCR in an all-in-one cartridge has been developed and tested for influenza (H1N1), achieving an LOD of 100 copies·mL^−1^ \[[@bib83]\]. The cartridge was a three-dimensional acrylic block with chambers that extended between the top and bottom surfaces and featured millimeter-sized interconnecting channels ([Fig. 3](#fig3){ref-type="fig"}B). One chamber contained a silica membrane for nucleic acid adsorption, while another was designated for waste storage. All the remaining chambers were preloaded with liquid reagents, and the cartridge was completely sealed to reduce the risk of viral exposure or sample-to-sample cross-contamination. A nasopharyngeal swab sample, diluted in viral transport media, was injected, together with a lysis buffer, into the silica membrane chamber from a syringe equipped with a needle by punching the seal. The sample and reagent liquids were pneumatically manipulated within the cartridge under pressure, and a vacuum was applied from syringe pumps through the seal-piercing connectors. Further fluidic control was provided by built-in surface tension valves. The amplification took place in three separate vials, each containing a frozen PCR master mix, which were inserted into the cartridge prior to the test. All the hardware was built in a desktop system that completed a fully automated test within 2.5 h. The test duration could be further shortened through miniaturization, which could also minimize the large dead volume introduced by the commercial silica membrane, as well as avoid diluting the viral RNA due to a large eluent volume for elution consistency. Moreover, the absence of mixing strategies implemented within the PCR vials led to a slightly lower PCR efficiency. Otherwise, the cartridge appears to be simple and amenable to injection molding for mass dissemination.

The fully automated sample-to-answer detection of influenza type H3N2 was based on a centrifugal microfluidic disk \[[@bib84]\] named the LabDisk ([Fig. 3](#fig3){ref-type="fig"}C). The disk was fully enclosed with preloaded reagents comprising liquid stick packs for nucleic acid extraction, air-dried specific PCR primers with fluorescence probes, and a lyophilized RT-PCR master mix. After loading the sample, the disk started to rotate creating a centrifugal force, triggering a series of events. First, the content of each stick pack was released into a designated chamber at a well-defined number of revolutions per min, breaking the fragile seals of the stick packs. Then, the silica-coated magnetic beads captured and transported the nucleic acids from the lysis chamber into subsequent chambers for washing and release, with the aid of an external stationary magnet. The subsequent eluent was aliquoted into eight reaction cavities, dissolving the lyophilized RT-PCR master mix before thermal cycling through convective heating. The entire test took less than ≈3.5 h, with an LOD of ≈2.4 × 10^4^ of copies⋅mL^-1^ . All the hardware was packed into a lightweight shoebox-sized unit suitable for POC use, with the only manual step being the sample loading. The centrifugal pumping, together with the surface tension valving, simplified the overall design, allowing the disk to be fabricated by microthermoforming a polymer foil via hot embossing. The thermoformed foil was then sealed by a pressure-sensitive adhesive tape. Although the LOD shown is fourfold lower than the clinically relevant level, the disk needs to be further developed to process viscous clinical specimens, such as sputum, through sample liquefaction and homogenization. A further reduction in analysis time and a demonstration of the ability to conduct multiplexing for sub-typing viral strains would be likely to bring the disk closer to practical POC use.

The detection of the hepatitis C virus (HCV) in serum was demonstrated using a system based on a thermoformed plastic cartridge \[[@bib85]\] where the reagents were confined into discrete wells isolated from each other by a layer of oil. The first well contained an acidic binding buffer that induced a positive surface charge on the pH-responsive magnetic particles mixed into a serum sample before being introduced. Accordingly, the nucleic acids were captured by the charged particles and transported from well to well as the cartridge went through a series of translations and rotations between a pair of opposing stationary magnets ([Fig. 3](#fig3){ref-type="fig"}D). The surface charge was neutralized by an alkaline PCR solution, and the nucleic acid release was triggered. Following the removal of the particles from the well, rapid thermal cycling took place, administered by the surrounding heat block through the thermoformed thin layer of plastic. A fluorescent signal was captured via a confocal detector placed above the well. More than a dozen clinical serum samples were tested, each analyzed within an hour and generating LODs as low as 45 IU per 10 μL. While these results are encouraging, the unit gave rise to some of the same concerns as the others. First, the RT-PCR enzymes required refrigeration; this issue might be difficult to address by keeping the enzymes lyophilized because the PCR solution itself served as the RNA eluate necessary for rehydration. Second, the unit analyzed blood serum, which must be extracted beforehand, while the unit must be evaluated for other bodily samples relevant to respiratory infections such as sputum or a nasopharyngeal swab. Third, the dynamic range should match the entire range of viral loads encountered clinically. Fourth, the unit faced the issue of equally allocating particles among the wells, each of which has a distinct set of primers specific to the target serotype. Fifth, the greater spread of the data was an issue relevant to the retrieval of viral RNA but could be addressed by increasing the eluate volume by an order of magnitude, at the expense of test sensitivity.

The processes of DNA purification, PCR, post-PCR clean up, and inline injection, as well as CE separation, were all combined into a single microchip for forensic human identification ([Fig. 3](#fig3){ref-type="fig"}E) \[[@bib86]\]. The microchip included a miniaturized PDMS pump and valves, a fluidized bed of immunomagnetic beads in bifurcating channels, a 250 nL PCR chamber, and a capillary electrophoresis channel with a double-T junction. The DNA purification was realized through a sequence-specific capture of DNA by a fluidized bed of streptavidin-coated magnetic beads. This, however, required off-chip handling, fragmenting the genomic DNA, and then modifying the fragments with biotin-labeled capture probes. Moreover, the DNA capture efficiency was rather low (5.4%). An external magnet was applied to arrest the beads in the bifurcating channels and then manually displaced to transport the beads into the PCR chamber. The PCR master mix, including biotin-labeled primers, was introduced, and the PCR products were then concentrated into a narrow band within a streptavidin-modified gel plug inside the double-T junction. The thermal release of the band led the CE separation and detection. The microchip was accompanied by a small-footprint, battery-powered instrument capable of a full nineplex short tandem repeat (STR) typing from 2.5 ng input DNA, as well as forensic STR analysis from oral swabs within 3 h. Nevertheless, the high level of integration creates complex fabrication and post-fabrication handling, including the alignment and bonding of multiple layers of glass and a PDMS membrane. All reagents had to be externally supplied and the sample lysed outside the microchip.

[Table 1](#tbl1){ref-type="table"} lists the prototypes discussed above and compares their important features. The LabDisk stands out as the sole cartridge that is fully enclosed with reagents and a waste storage. It can be stored at room temperature owing to the lyophilized PCR master mix. Reagent evaporation and cross-mixing are addressed by the individually sealed stick packs that keep the reagents isolated. This isolation, along with the plastic housing, renders the cartridge robust against handling and transportation. The use of centrifugal microfluidics and silica-coated magnetic beads facilitates on-chip pumping, valving, and fluidic mixing that are realized in a simple design that can be produced through thermoforming. Moreover, the cartridge runs on an instrument very similar to the CD or DVD players of the past. However, several challenges remain. The cartridge must be further developed to handle clinical specimens. The overall test duration should be reduced to below 1 h. Finally, all these prototypes, albeit underdeveloped and very limited in number, are encouraging. However, it is imperative that many more studies are geared towards a POC-PCR test, instead of stand-alone PCR microchips, so that the next outbreak can be contained promptly. The time is running out for the vision before it fades away into a dream and a legacy for future generations.Table 1A comparison between the different systems currently available or under development. "cfu" stands for "colony forming unit," "c" for "copy," "HCV" for "hepatitis c virus," and "STR" for "short tandem repeat," "NA" for "not applicable," "NS" for "not stated," "LOD" for "limit of detection", "MA" for "microarray", "CE" for "capillary electrophoresis," and "IU" for "infection unit".Table 1On-chip manipulationRefReagentsWaste StorageFully EnclosedRefrigerationOn-chip lysisSPE column/membranePumpingValvingMagnetic beadsFluidic MixerMultiplexed PCRSampleTargetOn-chip DetectionVolume (μL)RT-PCR/PCR (min)Sample-to-answer (min)LOD\# of units testedHardware[b](#tbl1fnb){ref-type="table-fn"}Fabrication[c](#tbl1fnc){ref-type="table-fn"}\[[@bib77]\]YYYNYNYYYYYBloodDNA (*E. coli*)MA10009021010^3^ cellsNS∗∗\$\$\[[@bib78]\]NNNYNYNYNNNBlood/NasalDNA[a](#tbl1fna){ref-type="table-fn"}CE0.75/111301500-2000 cfuNS∗\$\$\$\[[@bib83]\]YYYYNYYYNNYNasal swabRNA (H1N1)qPCR200130150100 c·μL^−1^NS∗\$\[[@bib84]\]YYYNYNYYYNYViral stockRNA (H3N2)qPCR20068.72102.4·10^4^ c·mL^−1^18∗∗∗∗\$\$\[[@bib85]\]YYYNNANNANAYNANSerumRNA (HCV)qPCR10206045 IU/10 μLNS∗\$\$\[[@bib86]\]NNNYNNYYYNYOral swabDNA (STR)CE10401802.5 ngNS∗∗∗∗\$\$\$\$\[[@bib11]\]NNNYYYNNYNNThroat swabRNA (H5N1)qPCR24.521.7285 cNS∗∗\$[^2][^3][^4]

8. *Quo vadis* portable viral detection? {#sec8}
========================================

One of the most important practical challenges to be resolved for any POC molecular diagnostic device is sample preparation. Ideally, it should be a sample-to-answer system with no human interaction; this is especially important for POC diagnostics, such as for SARS in the past and currently for COVID-19. During the SARS outbreak in Singapore, which was one of the worst-hit countries, the Tan Tock Seng Hospital was almost the only clinic capable of carrying out routine SARS diagnostics. Prospective patients\' only option for testing was to get there, leading to a high chance of cross-infection. It was seen to be greatly beneficial to have a system for POC to ensure that prospective patients did not have to go anywhere, but rather stay at home and call health care providers to come to their location to conduct infectious disease diagnostics, and not simply collect a sample. This would demand a small system that is easily portable, with samples sealed to avoid sample-to-sample cross-contamination, thus suppressing the number of false-negative results.

Sample preparation is definitely a problem, and many attempts have been made to simplify these crucial steps. There are too many PCR inhibitors in human body fluid samples, such as blood and saliva. Over the years, there has been continuous research into the development of PCR reagents, and especially into methods aimed at simplifying the sample preparation steps and fully integrating the sample preparation with PCR. Single-step direct PCR has also been developed, greatly simplifying the sample preparation process; only hemoglobin has to be removed before performing PCR to diagnose malaria infection \[[@bib87]\]. From the standpoint of practicality, the extraction and isolation of the DNA/RNA of pathogens from saliva are most desirable for POC applications. Several studies have explored this area, including standard labor-intensive techniques \[[@bib88]\].

PCR systems that offer multiplexing capability are preferred because they can reduce the test time for multiple diseases. This can be particularly beneficial during the flu season because different virus strains often present during one season. The differential diagnostics of community-acquired pneumonias can also benefit from this methodological approach, allowing not only the detection of multiple viruses and bacteria in one PCR reaction but also their relative quantification in the examined sample. Such a quantification may lead to the correct determination of the disease-causing agent by selecting the most suitable therapy \[[@bib93]\], thus tackling the spread of a pandemic disease. The application of the broad-range PCR in multiplex arrangements can be used to detect a suspect group of viruses, giving rise to more detailed analyses in the initial phases of outbreaks \[[@bib94],[@bib95]\].

The PCR for POC and other applications should fulfill the essential requirements of portability, operability by untrained personnel, fast and adequate accuracy for screening reliability, and giving the minimum information for the publication of quantitative real-time PCR experimental guidelines \[[@bib96]\]. Miniaturization enjoys a big advantage in POC applications due to its portability and excellent accuracy and specificity; however, the complications arising from system operation outside the specialized laboratory environment as well as by untrained people pose the biggest challenge for the development of such devices.

Developments in the past have led to the commercialization of sample-to-answer systems that are more or less portable. One of the early birds in this regard was GeneXpert \[[@bib97]\], a cartridge-based system that performed a fully automated nucleic acid amplification technique. It was designed for the detection of healthcare-associated infections, critical infectious diseases, sexual health, viruses, and cancers. Its development was accelerated by concerns over anthrax in the USA \[[@bib64]\] and via the call for a proposal by The Bill and Melinda Gates Foundation to tackle HIV and tuberculosis in South Africa \[[@bib65]\]. The system simplifies the testing procedure as it integrates sample preparation with qPCR/RT-PCR. The system is designed to be employed in areas lacking sophisticated facilities to conduct conventional testing. It is not easily portable but it does offer the option of multicolor multiplexing.

There was another push to release PCR systems for POC applications and this has contributed to disease diagnosis during pandemics such as the 2014 Ebola outbreak. Starting in early 2014, an unprecedented Ebola outbreak occurred in West Africa. On August 8, 2014, the World Health Organization (WHO) declared it a public health emergency of international concern \[[@bib98]\] and initiated an emergency use assessment and listing (EUAL) mechanism to encourage research and development (R&D) of early access to unregistered products of in-vitro diagnostics \[[@bib99]\]. Cepheid received a \$3.3 million grant, co-financed by the Paul G. Allen Family Foundation and the Bill & Melinda Gates Foundation, to develop the GeneXpert Ebola Assay based on the GeneXpert system. It took only ≈5 months from development for it to get listed in EUAL by WHO. The GeneXpert Ebola Assay is fully automated and only requires the placing of the patient sample into the cartridge and inserting the cartridge into a compact desktop-level instrument. It takes ≈2 h for an entire assay, from sample to answer, and features high detection accuracy \[[@bib100]\]. FilmArray BioThreat-E is another product that was given emergency use authorization from both the food and drug administration (FDA) and WHO. The assay is also a cartridge-based automatic RT-PCR system with a turnaround time of only 1 h \[[@bib101]\].

The COVID-19 global pandemic has greatly boosted the determination and motivation of researchers worldwide to speed up the development of POCT systems, as well as the number of companies prepared to fund such work. Some have adapted existing devices, while others have made new ones. The systems that were available in March 2020 mostly contained immunoassays \[[@bib102]\]; one was PCR-based, involving clusters of regularly interspaced short palindromic repeats, known as clustered regularly interspersed short palindromic repeats (CRISPR), with a CRISPR-associated protein, known as Cas, performing the detection of the isothermal amplification products. Other companies that have developed systems to diagnose seasonal flu have made use of different primers to convert these systems into POCT for COVID-19.

The Eiken Chemical Co. in Japan has developed a system for multiple testing that combines sample preparation with LAMP, and the optical detection of the results with RNA purification is based on magnetic force ([Fig. 4](#fig4){ref-type="fig"} A) \[[@bib89]\]. It employed a microfluidic cartridge with 25 wells, allowing for multiplexed detection.Fig. 4The systems currently available for COVID-19 POC testing (POCT). (A) A system performing 25 reactions at a time using magnetic beads for sample preparation, followed by a LAMP \[[@bib89]\]. (B) Cobas® Liat® System by Roche originally designed as a universal molecular biology platform for diagnoses based on a real-time PCR \[[@bib90]\]. (C) ID NOW, made by Abbott Laboratories, originally sought to diagnose seasonal flu; it has currently been converted into a COVID-19 system, based on an isothermal DNA amplification originally developed for the seasonal flu test \[[@bib91]\]. (D) Bosch\'s new microfluidic system is capable of virus diagnostics; the sample preparation is integrated with a multiplexed end-point PCR \[[@bib92]\].Fig. 4

Roche created a POCT system called Cobas® Liat®, a fast and fully automated sample-to-answer system based on a PCR capable of testing samples in 20 min or less ([Fig. 4](#fig4){ref-type="fig"}B). It utilized a sealed-tube design that eliminated the operators\' contact with the reagents. Its closed system with multiple controls also reduces the potential for human error \[[@bib90]\].

ID NOW, from Abbott Laboratories, is a fully integrated sample-to-answer system that was originally developed to diagnose a seasonal flu ([Fig. 4](#fig4){ref-type="fig"}C) \[[@bib91]\], and is currently available with modified primers to diagnose the COVID-19 virus \[[@bib103]\]. It uses the isothermal amplification of nucleic acid, and it is capable of processing two samples at a time, with a claimed 5 min wait required for positive and 15 min for negative results.

Recently, Bosch began R&D of a POCT system; the result of their efforts is the Vivalytic System ([Fig. 4](#fig4){ref-type="fig"}D), a molecular diagnostic device based on a microwell array that is capable of detecting the coronavirus in less than 2.5 h, using a fully sealed cartridge. The Vivalytic system performs sample preparation, after which it performs a multiplex PCR, followed by microarray-detection, to allow the identification of SARS-CoV-2 \[[@bib92]\].

Currently, the large-scale practical deployment of the above-mentioned devices to combat the pandemic spread of COVID-19 will allow their advantages and disadvantages to be quickly determined, after which further development can be encouraged. More systems will emerge in the near future in the context of the COVID-19 pandemic, after which companies are likely to switch their interest to systems that are more viable from an economic perspective. As of July 7, 2020, there were 104 approved test kits and systems approved by the U.S. FDA for emergency use authorization, with the vast majority being based on a real-time RT-PCR technique with or without sample preparation \[[@bib104]\].

Given the development of communication technology, more and more devices are envisioned to be connected to form a network called the Internet of things (IoT), a burgeoning industry that is projected to change human society tremendously by bringing about convenience, ubiquitous information, and intelligence to improve our lives in a fundamental way; the health care industry can greatly benefit from this technological advancement. There have also been developments in personal healthcare monitoring devices linked with wearable healthcare monitoring, such as electrocardiogram and blood O~2~ measurement devices. The data collected can be used for remote and/or real-time disease monitoring and predictive model building. Furthermore, it is easy to predict that a diagnostic device such as PCR, with high connectivity and data transmission capabilities, can become highly impactful in pandemic management. We have demonstrated such a PCR in a pseudo dengue fever test \[[@bib19]\]; however, in order to make it a true IoT device we have to improve the compatibility of its communication module and its back-end data analysis capability.
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